Motivated by the exploration of bipolaronic superconductivity in conducting polymers, we examine such a possibility in the starting member of p-oligophenyls − p-terphenyl with three phenyl rings, belonging to the family of conducting polymer polyparaphenylene. The formation of bipolarons is identified from Raman scattering measurements. Both the dc and ac magnetic susceptibility measurements reveal that p-terphenyl is a type-II superconductor with a critical temperature of 7.2 K upon doping potassium. The electron-lattice interaction, manifested by pronounced bipolaronic bands, is suggested to account for the observed superconductivity. Conducting polymers are thus demonstrated to have the potential for the development of new superconducting technologies and devices.
Motivated by the exploration of bipolaronic superconductivity in conducting polymers, we examine such a possibility in the starting member of p-oligophenyls − p-terphenyl with three phenyl rings, belonging to the family of conducting polymer polyparaphenylene. The formation of bipolarons is identified from Raman scattering measurements. Both the dc and ac magnetic susceptibility measurements reveal that p-terphenyl is a type-II superconductor with a critical temperature of 7.2 K upon doping potassium. The electron-lattice interaction, manifested by pronounced bipolaronic bands, is suggested to account for the observed superconductivity. Conducting polymers are thus demonstrated to have the potential for the development of new superconducting technologies and devices. Conducting polymers have been the focus of a great deal of research in the past nearly 40 years [1] . These materials possess the excellent combination of easy processability, light weight, and durability of plastics with the high electrical conductivity for technological applications. Meanwhile, they also helped to spur new areas of fundamental research in condensed matter physics by demonstrating some exotic physical properties [2] . Bipolarons and polarons, i.e., self-localized quantum states associated with characteristic distortions of the polymer backbone, are thought to play the leading role in determining the charge injection, optical, and transport properties of conducting polymers [3] [4] [5] [6] [7] [8] . Experiments [6] [7] [8] and theories [3] [4] [5] have established that doping these polymers in the low and high levels result in the formation of paramagnetic polarons and diamagnetic bipolarons, respectively. It has been recognized that the bipolaron system is more stable than the polaron one when dopants are taken into account, which is manifested by a slow evolution of polarons into bipolarons [7, 8] . The appearance of bipolaronic bands offers a natural explanation for the vanishing small Pauli susceptibility reported in the metallic regime of SbF 5 -doped polyparaphenylene [9] and the absence of any electron spin resonance signal in electrochemically cycled conducting polypyrrole [6] .
A bipolaron is spinless with an electric charge ±2e. It is then thought of as analogous to the Cooper pair in the BCS theory of superconductivity [10] , which consists of two electrons coupled through a lattice vibration, i.e., a phonon. The formation of a bipolaron implies that the energy gained by the interaction with the lattice is larger than the Coulomb repulsion between the two charges of same sign confined in the same site [11] . There has been speculation that organic polymeric conductors could become superconductors. The similarities between bipolaron and Cooper pair in the BCS theory of superconductivity make this prospect even more interesting.
The natural separation of spin and charge in such onedimensional systems remains an active area of condensed matter research and is thought to be relevant to high temperature superconductivity. Furthermore, the charge pairing (bipolaron) can be formed at room temperature in conducting polymers due to strong electron−lattice interaction [7, 8] . The strong electron-lattice interaction can also provide a high energy scale for these systems. All these features make the polymer conductors as the promising candidates for high−temperature superconductors.
Among conducting polymers, polyparaphenylene is attractive for its non-degenerate ground state structure, high conductivity [12] , bipolaron conducting mechanism [4] [5] [6] 13] , desirable stability in air even at elevated temperatures, the absence of isomerization processes due to doping, as well as the formation of rechargeable batteries [14] . In view of these facts, exploring possible superconductivity in conducting polyparaphenylene is the goal of this study. p-Oligophenyls possess the similar molecular structure of polyparaphenylene but with a shorter chain. For simplicity, the starting member of p-oligophenyls − p-terphenyl with three phenyl rings is chosen for such a purpose. By doping potassium into p-terphenyl, we observe a superconducting transition at temperature of 7.2 K in this compound. The realization of superconductivity in p-terphenyl not only opens a window for finding superconductors in conducting polymers but also highlights the important role of bipolarons probably played for superconductivity.
Potassium-doped p-terphenyl was synthesized from purified p-terphenyl (99.5%) and potassium metal (99%) purchased from Sigma-Aldrich and Sinopharm Chemical Reagent, respectively, according to the procedure reported previously [15] . The nature of the carriers of this material was identified by Raman scattering measurements, which were performed on an in-house system with arXiv:1703.05803v1 [cond-mat.supr-con] 16 Mar 2017
Charge Coupled Device and Spectrometer from Princeton Instruments in a wavelength of 660 nm and power less than 1 mW to avoid possible damage of samples. p-Terphenyl consists of benzene rings linked in the para position. Crystallographic data of this material indicate that the carbon-carbon bond lengths within the rings are about 1.40Å and those between rings are about 1.51Å [16] . In the solid state, two successive benzene rings are tilted with respect to each other by about 23 o , which is induced by the steric repulsion between hydrogen atoms in ortho positions. Upon doping, two potassium atoms intercalate in the two carbon-carbon bonds between rings. The chain becomes nearly coplanar with almost flat titling angle for benzene rings. Along the chain, the C−C bond between rings is remarkably reduced. Parallel bonds in the rings are decreased to acquire a more pronounced double-bond character, while inclined bonds increase significantly. As a result, the inner ring has a strong quinoidal character [4] . These geometric modifications bring about dramatic difference of the Raman spectra compared to the characteristic bands of the pristine material ( Fig. 1 ). Five regions of Raman active modes from the low to high frequencies correspond to the lattice, C−C−C bending, C−H bending, C−C stretching, and C−H stretching modes. All these modes were observed in pristine p-terphenyl, which is consistent with previous works [17, 18] . The obtained Raman spectra and features for potassium-doped p-terphenyl are in good agreement with those in samples synthesized by various methods [18] .
Upon doping potassium into p-terphenyl, the strongest intra-ring C−C stretching bands at 1605 and 1593 cm −1 show little downward shifts in wavenumber. They merge to bipolaronic bands centered at 1589 cm −1 [19, 20] . The downshifts are the result of the increase of inclined C−C bond lengths within the rings due to the doping. By contrast, the 1275 cm −1 band in the pristine is corrected with the 1291 and 1348 cm −1 bands in the doped sample [21] . These bands are mainly attributed to the interring C−C stretching vibration. The observed upshifts with doping mainly reflect the length decrease of the C−C bonds between rings. Therefore, the increase of π-bond order of the inter-ring C−C bond is expected. These effects due to the formation of bipolarons drive the structural change of the molecule from the benzenoid to quinoid. The two bipolaronic bands at 1168 and 1219 cm −1 correspond to the 1222 cm −1 band in the pristine. The former (latter) can be assigned the C−H bending of external (internal) rings [20] . The 1222 cm −1 band arises from a mode concentrated in the inner region of the molecule with no contribution from the terminal rings [17] . The rigidity of this band indicates that the rings of the molecule maintain well after the formation of bipolarons. The strong band at 1473 cm bration of the C−H bending of external rings [20] . The appearance of this mode can be considered as the fingerprint for the newly formed bipolarons. The triple bands are from the in-plane ring bending [20] . These new bands result from the loss of translational symmetry due to the formation of the bipolarons in the polymer chain. Our Raman spectra provide rather clear and solid evidence for the formation of bipolarons in our sample. Having clarified the bipolaronic character, we turn to examine the possible superconductivity in the synthesized sample. Zero electrical dc resistivity and Meissner effect are the two essential characters for a material to be called as a superconductor. Both of them are reached at a critical or superconducting transition temperature T c and below. However, the temperature−dc conductivity measurements in these materials are not as easy as one thought. They are mechanically brittle, so it is very difficult to fabricate reliable electrical contacts to measure their intrinsic transport properties. In fact, their true metallic state has not been achieved from the temperature−dc conductivity measurements [13, 22] but was determined mainly by optical [13, 22] and magnetic [23, 24] techniques. However, this difficulty can be safely removed in detecting superconductivity by using magnetic susceptibility technique. As a bulk probe technique, both the dc and ac magnetic susceptibility measurements enable the Meissner effect to be well characterized. In the ac magnetic susceptibility measurement, the real component χ of the susceptibility is a measure of the magnetic shielding and the imaginary component χ is a measure of the magnetic irreversibility. The nearly zero χ in the superconducting state can be considered as the signature of zero resistivity. Such zero-resistivity feature of χ has been observed for various unconventional superconductors [25] . In fact, many other superconducting properties such as the resistivity, critical temperature and fields, London and Campbell penetration depths, critical current density, granularity and content of superconducting phase, irreversibility line, and pinning potential can be also obtained from the ac data [26] . The measurements of both the dc and ac magnetic susceptibilities were performed on our sample with a SQUID magnetometer (Quantum Design MPMS3) in the temperature range of 1.8-300 K. Figure 2(a) shows the dc magnetic susceptibility χ in the applied magnetic field of 10 Oe with field cooling (FC) and zero-field cooling (ZFC) in the temperature range of 1.8−20 K. One can clearly see that χ shows a sudden decrease below 7.2 K in the ZFC run, while it exhibits a small upturn after the drop in the FC run. Both decreases yield a superconducting transition temperature T c =7.2 K. This shape of the magnetization susceptibility curve is consistent with the well-defined Meissner effect. This feature together with narrow transition width indicates good superconducting properties of this sample. the real χ and imaginary χ components of the ZFC ac susceptibility. Note that a bulk superconducting state is again observed from this ac technique. Two inflection anomalies occur upon cooling at the exactly same temperature of 7.2 K, which coincides with the T c value already determined from the dc technique. As can be seen, both χ and χ are nearly the constants close to zero above the transition because there is no flux exclusion in the normal state. In the superconducting state below 7.2 K, the diamagnetic behavior leads to a negative χ which becomes more negative as temperature is reduced and more flux is expelled from the sample. Here the flux penetrating the sample lags the external flux, resulting in the dissipation seen in the χ signal. The peak in χ occurs when the flux is just penetrating as far as the center of the sample. The flatness of χ in the maxed state rules out the possibility for the existence of superconducting grains or the second superconducting phase in our sample [26] . The nearly zero χ after passing a dome upon cooling implies the reach of zero-resistivity in the superconducting state. The obtained superconductivity in potassium-doped pterphenyl is further supported by the evolution of the χ − T curve with the applied magnetic fields (Fig. 3) . The curve gradually shifts towards the lower temperature with increasing magnetic field. The superconducting fraction is thus suppressed by the applied magnetic field. These features demonstrate that the obtained superconductivity is intrinsic for the studied material. For the magnetic fields larger than 750 Oe, the χ−T curve moves upwards and the superconducting transition is hardly observed within the lowest temperature measured down to 2 K.
The Meissner effect of this material is clearly demonstrated from the magnetization measurements as a func- tion of magnetic field up to 500 Oe in the ZFC run at various temperatures in the superconducting state. The results are summarized in Fig. 4(a) . The linearity of the M − H curves at these selected temperatures is characteristic for the Meissner phase of this superconductor, yielding different H c1 s for corresponding temperatures based on the high field deviation from the linear behavior. An increase of the linearity region with decreasing temperature indicates that the lower temperature corresponds to the higher H c1 . The Meissner effect becomes strong when temperature is far away from T c of 7.2 K. H =0 axis provides evidence for the wide-band susceptibilities [26] . The diamond expands from the inner to the outer with lowering the temperature, yielding a higher upper critical field H c2 in the horizontal axis for a lower temperature. Figure 5 shows the temperature dependences of the critical fields of this 7.2 K superconductor. The inset of Fig. 5(a) shows how H c1 is determined for a given temperature based on the deviation of the linear behavior at higher field. The zero-temperature extrapolated value of H c1 (0) is 163±2 Oe. Hc2 can be determined from the M − T curves measured at various magnetic fields. Here, T c for a given field is determined from the intercept of linear extrapolations from below and above the transition [Inset of Fig. 5(b) ].
The obtained H c2 (T ) as a function of temperature is shown in Fig. 5(b) . Using the Werthamer-HelfandHohenberg formula [27] , the zero-temperature H c2 (0) =1317±22 Oe is obtained. From H c2 (0) and H c1 (0), we evaluate the zero-temperature superconducting London penetration depth λ L and Ginzburg-Landau coherence length ξ GL using the expressions H c2 (0)= Φ 0 /2πξ 2 GL and H c1 (0)= (Φ 0 /4πλ 2 L ) ln(λ L /ξ GL ) [28] with the flux quantum Φ 0 = 2.0678 × 10 −15 Wb. Substituting the obtained H c2 (0) and H c1 (0), we obtain ξ GL = 500 ± 4Å and λ L = 760 ± 3Å for this new superconductor. Thus the Ginzburg-Landau parameter κ = λ L /ξ GL =1.52 is obtained for this superconductor, a value close to some cuprate superconductors.
The present results provide unambiguous evidence for superconductivity in p-terphenyl, which was driven by the exploration of bipolaronic superconductivity in conducting polymers. The formation of bipolarons in this material has been identified from Raman scattering measurements. Although the mechanism of superconductivity either from bipolarons [29, 30] or Cooper pairing [10] has not been pinned down yet and remains a subject for future research, the electron-lattice (phonon) coupling should be the key to the understanding of the observed superconductivity. Since the coupling strength can be finely tuned in such systems, the T c enhancement or finding materials with higher T c s is expected. Nowadays conducting polymers can be manufactured in industry. Many advantages of these cheap materials make the technology applications unbelievably wide if they become superconductors. In the light of the wealth of unanticipated discoveries that the field of polymeric conductors has witnessed in the past nearly 40 years, the scientific and technological future of conducting polymers as superconductors has to be viewed optimistically.
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